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IMPROVED SPATIAL UNIFORMITY OF BEAM-PLANE

INTERACTION BY MEANS OF INVERSE RASTERING

Charles G. Miller, Jet Propulsion Laboratory, Pasadena, Calif.*

ABSTRACT

An analysis is presented that shows the desirability

and feasibility of conducting irradiations of large test

objects by beams of penetrating radiation, by the

method of moving the test object back-and-forth through

the beam, rather than by sweeping the beam across the

object. An extension of this method of inverse raster-

ing allows the generation of composite beams with any

desired intensity-vs-energy spectrum, obviating the

need to determine equivalent damage factors for every

energy in the spectrum.

INTRODUCTION

The study of the effects of penetrating nuclear radiation,

particularly protons and electrons, on spacecraft-related parts,

has been done in the past by allowing beams of these particles to

emerge from an accelerator and fall upon the test objects. Test

objects exposed to beams of radiation receive uniform exposure on

all areas only when the beam is well collimated. If the beam is

spread out with a large angular divergence, as needed for extended

test objects, the uniformity of exposure suffers. If a collimated

beam is rastered across a (large) extended object, the uniformity

of exposure still suffers because of aberrations introduced into

the beam when it is deviated farther and farther off axis in the

rastering process.

Such off-axis aberrations are particularly important when

using the high energy beams from accelerators, such as beams of

electrons over one MeV and beams of protons over 20 MeV, both of

which are needed to simulate planetary radiation belt radiations.

Present practice consists of spreading the beam to a small

angular divergence, typically 4 or 5 degrees half-angle, which
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gives & field of 8- to 10-inch diameter at 60 inches working

distance from the end of the accelerator beam exit window. The

field is then mapped, and the most uniform 4-inch by 6-inch sec-

tion is used for test irradiations. The tests must then be con-

ducted exposing one 4-inch by 6-inch board at a time. For a

representative test involving 25 such boards, there are required

25 separate irradiations, leading to an expensive--in terms of

man-hours--test.

METHOD OF APPROACH

To avoid the need for irradiating test boards one at a time,

which requlres shutting down and starting up before and after each

change, the present method has been developed which permits com-

pletion of such tests in two, or at most three exposures. Further-

more, the method reduces the importance of uniform beam pattern

so that a wider variety of accelerators becomes useful for tests.

This method is a variant of rastering, which is a widely used

method of covering a large target with a small beam. Rastering

involves relative motion between a small beam and a large target

to give complete, although not simultaneous, coverage of the

target. There is thus time-sharing of the beam. Because the

characteristics of the beam change due to aberrations introduced

when the beam is magnetically deviated farther and farther off-

axis in a rastering process, simple sawtooth time-sharing drive

of the beam does not give acceptable uniformity of exposure over

the whole target area. An improved method consists of moving the

individual boards through a matching, apertured-beam field, so as

to superpose all parts of the beam on all parts of the test

boards, and thus average out spatial variation in beam intensity.

This is, of course, the equivalent of holding the test boards

fixed in space, and moving the beam back-and-forth across all

parts of the test board. The advantage of moving the test boards

is that the beam profile and beam intensity distribution do not

change, since the beam does not leave the fixed beam-optic axis

along the centerline of the system.

An example of the application of such inverse rastering would

consist of the exposure of 12 test boards ganged in a three-wide

by four-high array on a 24-inch by 24-inch support; (see Figure

I). A moving beam, to raster the 12 boards, would have to cover

a field of 18 inches by 18 inches with a half-angle of arctan

(9/60) = 8.5 ° , assuming a practical quadrupole-to-exposure plane

distance of 60 inches. Such wide angle uniformity cannot be

achieved with simple quadrupole magnetic lenses. However, if the

test boards are moved past a small, fixed beam spot, say of 5 by

6 inches, such difficulties disappear. In use, a simple X-Y

scanner with 24-inch by 24-inch motion could be adapted with a

minimum of effort to carry the array of test boards back-and-forth

i through an apertured beam field.
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CALCULATIONS AND RESULTS

The most useful and stable beam distribution that has been

achieved in past proton exposures at Crocker Radiation Laboratory

is shown in Figure 2. This meets the uniformity requirements

needed for tests, but the restricted size of the beam requires

exposing the test boards one by one, as had been discussed. If

the test boards are drawn across this field pattern repeatedly,

from left to right, starting as shown in Figure 3, and being

raised an infinitesimal amount in the Y direction for each pass,

the integrated exposure on every part of the test board would be

precisely uniform no matter how greatly the distribution of inten-

sity on the fixed particle field varied.

Since we cannot, in practice, conduct an irradiation using

an infinite number of passes, it is necessary to see how satis-

factory is a system using a small, finite number of passes per

board. An examination of Figure 2 shows that the horizontal

sweeps of the beam by a segment of the test board delivers de-

creasing values of fluence as the sweeps take place at increasing

Y-values of the proton field. Assuming, as is evident from

Figure 2 that successive, horizontal sweeps of short segments of

the proton field give successively smaller proton fluences as the

sweeps increase their Y-value, we can schematically plot the pro-

ton flux in relation to the Y-location, as in Figure 4A where

is the value of the proton flux rate, p+/cm 2 sec per unit of

Y-distance, and ranges from a maximum of a, when y = O to a mini-

mum of b when y = Y0' YO being the height of the proton fixed

field which is equal to the height of the test board. In generalp

the contour C which gives the value of _ for any chosen value of

Y will be irregular. For the situation shown in Figure 2, the

value of @ will decrease generally as shown in Figure 4A from

the value a to the value b.

To make the problem tractable, let us assume that a y-@

diagram can be represented as in Figure 4B where the value of

decreases uniformly from a to b. If a test board were simply

exposed to the field, having a y-_ relation as shown, the bottom

strip of the board would have a proton fluence of a, the top

strip of the board would have a proton fluence of b, and the

average exposure would be ( (a + b)/2). The percentage variation

from the average of the top strip is 100((a - b)/(a + b)). If,

as might be required by a Test Plan, the maximum variation in

fluence across the test board must be less than ±30%, then

((a - b)/(a + b)) = < 0.30 and a _1.86 b for a stationary board

exposure to be within ±30%. If the test boards are swept through

the beam in the X-direction, stepping by between steps, i.e.,

with an overlap _y/h 2 or hl/h 2 (see Figure 5) between steps, the

uniformity increases markedly as shown in Table I.
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TABLEI
Ratioof MaximumFluence-to-MinimumFluence

OnAnyLocationOnTestBoard

No.of Passes: i 1.33 2 3 4
_.quiv. Amt. of Overlap: 0% 33% 50% 66% 75%

5 6

80% 87%

Ratio a:b

m 4.00 3.00 2.00 1.67 1.50 1.40

I 3:1 3.00 2.80 1.60 1.40 1.28 1.22 1.18
2:1 2.00 2.50 1.40 1.25 1.18 1.14 1.12

1.5:1 1.50 2.28 1.22 1.14 i. I0 1.08 1.07

The analytical development is quite straightforward, but

rather lengthy. If Table I be translated to resultant maximum

deviation from the average fluence delivered to a test board, we

find the values given in Table II.

TABLE II

Percent Variation of Fluence, ±Percent from Average

No. of Passes: i 1.33 2 3 4 5

Equiv. Amt. of Overlap: 0% 33% 50% 66% 75% 80%

6

87%

_atio a:b

i00 60 50 33.3 25

3:1 50 47.5 25 16.6 12.5

2:1 33 43.0 16.67 ii.i 8.33

1.5:1 20 39.2 i0 6.5 5

20 16.67

i0 8.33

6.67 5.56

4 3.33

It seems practical to allow the ratio a/b to vary by 3:1,

and use three passes/board which will give a field flatness of

±16-2/3%. A larger number of passes/board while possible, does

not bring down the percentage variation very rapidly (see

Figure 6).

The foregoing discussion leading to Table II represents a

worst-case situation based on a uniform y-_ distribution, as

shown in Figure 4B. If we were to select the beam so as to have
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more symmetry about a y traverse near the center of the apertured

field, i.e., with a hot spot in the center of the apertured field_

we should expect a y-@ diagram, as sketched in Figure 4C. In

such a case, the percentage variation, similar to the values

derived for Table II, would depend on the relation between the

number of passes (relative size of the dy step in exposure sweep)

and the ratio a/b, the values in Table II representing the worst-

case percentages, so that uniformity would, in every case, be

better than the values shown in Table II.

SPECIAL FEATURES AND OPPORTUNITIES

Generatin_ Spectral Intensity Matched Beam Instead of M0noener-

_etic Equivalent Beam

It has not, in the pastj been practical to do any but mono-

energetic electron or proton beam exposures, even though what we

wish to simulate in the laboratory is the actual penetrating radia-

tion flux which has a well known intensity-vs-energy spectrum

(see Figure 7, adapted from Reference 1). The use of a monO-

energetic beam requires the Test Plan to have an equivalent

damage function for each energy band in the spectrum. The equiva-

lent damage function will vary for different types of test objects

(e.g., npn and pnp transistor damage functions response will

require different equivalents). Since such damage equivalences

are not known with sufficient precision, monoenergeti¢ testing is

less realistic, less satisfactory, and more costly than a matched

energy spectrum-vs-intensity beam for testing.

It has always been possible to produce a variety of proton

or electron energies in the form of abutting or overlapping paral-

lel sub-beams from an original single high energy beam by the

method of placing a number of absorbers that act as energy de-

graders, side by side across the beam. Without relative motion

of the beam and test area, however, each a_ea of the test object

would receive a different distribution of the several energy

ranges produced by the absorbers. With the use of inverse

rastering, it becomes practical and straightforward to superpose

all parts of the various energy sub-beams on every part of the

test object, thus allowing any desired intensity-vs-energy spec-

trum distribution to be used for testing purposes.

The construction of a graduated absorber-set across the fixed

beam aperture is shown in Figure 8. Such an absorber-set, when

placed in front of the high energy proton beam, will give rise to

sub-beams of energy dependent on the depth d of the absorbing

material. The relative contribution of each sub-beam will be pro-

portional to the width w of each absorber strip. The two factors,

w and d, can be adjusted independently to allow any desired spec-

trum to be simulated in a finite, reasonable number of steps.
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Some Possible Undesirable Consequences of Raster Exposure

The use of any rastering technique gives rise to high peak-

to-average flux rates during the irradiation, since the beam is

irradiating any given location only a small fraction of the total

time of exposure. Under some circumstances, a high peak-to-

average exposure may be undesirable.

A further point that must be taken into account is that

every test exposure by means of high energy radiation is accom-

panied by an induced flux of undesired, secondary radiation,

e.g., neutrons and bremsstrahlung, caused by the interaction of

the primary beam with the experimental environment. An irreduc-

ible minimum of contaminant radiation, even in non-rastered

exposures, is that due to the interaction of primary beams with

mounting hardware, and with the air in the vicinity of the test

"object. Figure 9 shows some neutron production efficiencies as

a function of primary proton energy and atomic number. We note

that for 12 boards ganged on an X-Y transport, as shown in Figure

I0, a complete exposure, with repeated passes through the beam,

would keep each board in the vicinity of the "target area", and

exposed to the contaminating radiation for a length of time equal

to 30 times the stationary board exposure time. The 30 X factor

arises from the ratio of the total area shown in Figure i0,

including overtravel to the area of the beam at the test plane,

here taken as 6 inches x 5 inches to agree with one test board.

The factor of 30 could possibly be reduced to a factor of 18 by

the use of a one-inch wide by five-inch high fixed field, instead

of the 6-inch wide x 5-inch high fixed field, when exposing the

test boards. This could eliminate almost all of the overtravel

area on _he right and left sides of the arrangements shown in

Figure I0. For tests of current interest, increases by a factor

of 18 to 30 in contaminant secondary radiations would not com-

promise test results. Future tests whic_ may require lower

contamination levels can be accommodated if more attention is

paid.to the experimental arrangements. For example, less massive

or lower atomic number materials in the mounting hardware, or

replacement of the ambient air by helium gas or by vacuum environ-

ment will decrease the amount of secondary radiation markedly.

SUMMARY AND CONCLUSIONS

Uniform exposure of an extended test plane by a beam of

penetrating nuclear radiation can be accomplished by a method of

inverse rastering in which the workpiece moves, and the beam

remains constant in direction. Methods to ensure that the beam

remains stable in position and in time are described in the

literature (Ref. 2).

The amount of exposure experienced by any area on the test

plane as it is systematically moved back-and-forth across a fixed

direction beam is found by numerical integration of the flux-time
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product for each point on the test plane field, as the test plane

is rastered in the X-direction and advanced in the Y-direction

with respect to the fixed beam. It is shown that for a non-

uniform beam of intensity ratio 3:1 top to bottom, only two

passes through the beam will reduce the test object variation to

• 25% from the average. For a non-uniform beam of i00:I intensity

ratio, top to bottom, only four passes (through one beam height)

will reduce the test object variation to _25% from the average.

Uniform exposure can result from the use of even exceedingly non-

uniform beams as long as the beam does not vary with time.

The method of inverse rastering allows the generation of a

composite, time-shared beam with any desired intensity-vs-energy

spectrum. Such a beam can be used for testing purposes, avoiding

the need to determine equivalent damage factors for each energy

in the spectrum.
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EGOLW_0NG Of FroSTPASS) ENO _ LASTPASS)

FIG. 3

Inverse rastering. Test board
moves back-and-forth in x-

direction, advancing in fixed

increments between x-sweeps.

l YO _b

C
)-

FIG._A
Integrated value of fluence
falling on differential element

of area y- x, as element of
area is drawn at uniform time

rate across fixed beam field

of Fig.2, for every value of y.

t
)-

YO

FIG. _B

Straight-line approximation
to contour C shown in
Fig. _A.

t

FIG. _C

Straight-line approximat ion

to contour when maximum __
is at an izatermedlate value

of y rather than at an

extremum of y.
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No.|
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OVERLAP ,, k!/%2

NUMBER OF PASSES TO COVER ALL PARTS

oF A TESTSOARD: 0/OVERLAP) - (h2/_l)

FIG. 5 - Nomenclature for 'overlap' (=hl/h2) _ and

'%ei_t" (=h2).

_a = 3:1-'_\
b/o = 2:1

_> _4¢20 b/o = 1.5:I

0 I I I i I

I 2 3 4 $ 6

NUMIIER OF PASSES

FIG. 6 - Uniformity of exposure of test board as a result

of inverse rastering. Percentage variation from

mean exposure in relation to number of passes,

for various ratios of maximum _ :minim um

as in Fig. 4A
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DESIRED SPECTRUM
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SELECTED SUBBEAM ENERGY, Ei
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FIG. 7 - Intensity-vs-energy distribution for planetary
trapped radiation (schematic) and 5-step

approximation to distribution.

/

d /_/(

/

J
El E3 E4 ESI

E0 E0

r "
/1
o ,

i

/ /

/

Eo

/

FIG. 8 - Construction of stepped energy-degrader to

generate 5 sub-beams of ener_ El, E 2 .... E 5

from original beam of energy Eo.

865



i

(Y31V 13^_Z|_0)

b- o

9

L

tL| I I|P, LaI f

Illlll|il ill II I11

|1| |1 I|11 ! StiLl ltl ,i

|1. Ii1111 _.llhl I|i_

(_W'tJAWZm_O)

m _

_14ao

e_

................_ _'. ... ,_.... !
qP_'_a_ WN_i M _dOlS _O_Ol_ I_ an_oe4 S_I_iH iO I_anH W_OI

0

_'_ _

i _°_

866


